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SUMMAEY 


The  Missouri  Basin  Loess  Hills  is  one  of  the  greatest  sediment  pro- 
ducing areas  in  the  country.     In  part  of  the  area  -  the  Little  Sioux 
watershed  -  the  Department  of  Agriculture,  through  the  Soil  Conservation 
Service,   is  engaged  in  a  comprehensive  program  to  control  erosion  and 
reduce  downstream  flood  and  sediment  damages.     This  program  includes 
construction  of  a  number  of  small  detention  and  desilting  reservoirs. 
This  study  was  undertaken  to  secure  "basic  sediment  data  needed  in  the 
design  of  these  structures. 

Sedimentation  surveys  were  made  on  30  small  existing  reservoirs 
varying  in  age  from  2.8  to  12.0  years.     Their  watersheds  ranged  from 
O.O38  to  ^1.3  square  miles,  with  a  wide  variety  of  land  use,  land  man- 
agement and  slope  conditions.    Field  studies  were  made  to  determine  the 
rate  of  gross  erosion  in  each  watershed.     The  contribution  of  sheet 
erosion  to  gross  erosion  was  computed  from  measurements  of  the  propor- 
tion of  drainage  area  in  clean-tilled  and  small  grain  crops  farmed  up 
and  down  hill,  contoured,  and  contoured  and  terraced;  the  average  degree 
of  slope,  the  average  length  of  slope,  and  the  predominant  rotation. 
The  contribution  of  channel  erosion  to  gross  erosion  was  estimated  by 
comparing  present  channel  conditions  with  conditions  found  on  existing 
aerial  photographs . 

Mechanical  analyses  of  sediment  deposited  in  the  reservoirs  and  of 
watershed  soils  showed  that  the  reservoir  sediment  is  somewhat  finer  in 
size  than  the  soils  from  which  it  was  derived.     The  sperific  weight  of 
the  exposed  sediment  in  four  reservoirs  which  are  usually  dry  was  found 
to  average  77.1  pounds  per  cubic  foot.     The  specific  weight  of  sediment 
in  26  reservoirs,  which  usually  store  water,  was  found  to  average  58.8 
pounds  per  cubic  foot.     The  average  specific  weight  of  upland  soils  is 
85  pounds  per  cubic  foot. 

The  reservoirs  were  found  to  be  losing  storage  at  rates  ranging 
from  1.23  to  33.9  percent  annually,  while  annual  rates  of  sediment 
accumulation  per  unit  of  drainage  ranged  from  O.V7  to  6l.2  acre- feet 
per  square  mile.     Statistical  analysis  of  results  indicates  that  total 
sediment  accumulation  in  the  reservoirs  can  be  expressed  best  by  the 
equation: 
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E  =  Bate  of  gross  erosion,  in  tons  per  square  mile  per 
year . 

Cip/W  =  Capacity- watershed  ratio,  in  acre-feet  of  total 
storage  capacity  per  square  mile  of  drainage  area. 

Only  a  negligible  amount  of  sediment  was  found  to  be  deposited  above 
the  crest  of  the  emergency  spillway  outlets.     The  percentage  deposited 
between  the  conservation  pool  and  emergency  pool  outlets  depended  upon 
the  stage  of  silting  of  the  reservoir. 

Studies  of  changes  in  channel  gradients  caused  by  reservoir  con- 
struction were  made  above  and  below  8  reservoirs.     It  was  found  that 
over  an  average  period  of  7.^-  years  the  gradient  for  1,200  feet  upstream 
from  the  dam  had  been  reduced  an  average  of  50  percent.    Below  the  reser- 
voirs the  gradient  was  reduced  35  percent  for  a  distance  of  hOO  feet 
below  the  dams  and  increased  k-9  percent  from  k-00  to  1,190  feet  below  the 
dams . 

It  is  recommended  for  design  purposes  that  the  storage  space 
required  for  sediment  accumulation  In  proposed  structures,  as  determined 
by  the  regression  equation,  be  increased  by  k^>  percent  as  a  safety 
factor  to  assure  little  chance  of  underdesign. 
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SEDIMENT  DESIGN  CRITERIA 
FOR  THE  MISSOURI  BASIN  LOESS  HILLS 


by 

L.  C.  Gottschalki/  and  Gunnar  M.  Brune?/ 


INTRODUCTION 


This  report  presents  the  results  of  sedimentation  studies  in  the 
Missouri  Basin  Loess  Hills  area  of  the  Central  Lowlands  (See  Figure  l) 
lying  mainly  in  western  Iowa  and  eastern  Nebraska.     The  objective  of 
these  studies  was  to  determine  rates  of  sediment  production  from  small 
watershed  areas  for  use  in  the  design  of  floodwater  detention  structures 
in  the  Little  Sioux  Biver  Watershed. 

This  investigation  was  carried  out  by  the  Water  Conservation  Divi- 
sion, Region  3;  Soil  Conservation  Service,  Milwaukee,  Wisconsin.  Field 
studies  were  made  mainly  during  the  summer  of  19^9.    Detailed  sedimenta- 
tion surveys  were  made  of  30  reservoirs,  23  in  western  Iowa,  3  in  south- 
eastern Nebraska,  2  in  northwestern  Missouri,  1  in  northeastern  Kansas, 
and  1  in  southwestern  Minnesota.    Field  studies  were  made  of  the  water- 
sheds above  these  structures  to  determine  the  relationship  between 
watershed  characteristics  and  rates  of  sediment  production.  Studies 
were  made  of  sediment  characteristics  and  the  distribution  of  sediment 
in  the  allotted  storage  zones  in  the  reservoirs.     In  addition,  a  study 
was  made  of  the  effect  of  reservoirs  on  channel  gradients  both  above  and 
below  the  structures.    The  results  of  these  studies,  together  with  other 
information  obtained  during  the  coarse  of  the  investigation,  are  de- 
scribed on  the  following  pages. 


THE  PROBLEM 

The  Department  of  Agriculture  was  authorized  in  the  Flood  Control 
Act  of  19^  (Public  53*S  78th  Congress)  to  carry  out  a  watershed  treat- 
ment program  in  the  Little  Sioux  watershed  of  western  Iowa.  Responsi- 
bility for  this  program  was  delegated  to  the  Soil  Conservation  Service. 
This  agency  at  present  is  engaged  in  developing  detailed  plans  for 
individual  small  watersheds  designed  to  control  erosion,  reduce  down- 
stream flood  and  sediment  damages,  and  increase  the  agricultural  income 
of  the  area.    Works  of  improvement  being  installed  include  a  number  of 
structural  measures,  such  as  notch- spillway  stabilizing  structures  and 
small  detention  and  desilting  basins  located  principally  in  deeply 
gullied  drainageways .    Most  of  these  works  of  improvement  will  be  in- 
stalled on  watersheds  of  less  than  three  square  miles. 


1/    Head,  Sedimentation  Section,  Office  of  Research,  Soil  Conservation  Service,  Washington,  D.  C. 
2j    Regional  Sedimentation  Specialist,  Water  Conservation  Division,  Region  3,  Soil  Conservation 
Service,  Milwaukee,  Wisconsin. 
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Prior  to  this  investigation  practically  no  information  was  available 
on  rates  of  sediment  production  from  small  watersheds  on  loessal  soils 
under  different  conditions  of  land  use,  slopes ,  farming  practices,  and 
runoff.     Furthermore,  very  little  information  was  available  on  the  type 
of  sediment  to  be  expected  from  these  watersheds  or  the  distribution  it 
might  have  when  deposited  in  detention  basins.     Finally,  there  was  prac- 
tically no  available  data  to  show  what  effect  the  detention  structures 
will  have  on  channel  gradients,  or  what  the  stable  gradients  might 
eventually  be  after  the  structures  are  installed.     Knowledge  of  these 
and  other  conditions  is  necessary  for  the  design  of  economical,  practical, 
and  durable  structures.     This  study  was  initiated  to  overcome  deficiencies 
in  existing  knowledge  and  to  aid  in  the  design  of  structures  in  the  Little 
Sioux  watershed. 
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DESCRIPTION  OF  AREA 


The  Little  Sioux  watershed  contains  k-,^02  square  miles.     The  upper 
third  of  the  watershed  lies  in  a  glaciated  region.     The  lower  two-thirds 
lies  in  an  area  of  wind-blown  material  known  as  the  Missouri  Basin  Loess 
Hills  area.     The  soils  in  this  area  are  inherently  fertile  and  highly 
productive.     They  are  also  highly  erosive.    Rates  of  sediment  production 
from  steeply  sloping  lands  with  indiscriminate  farming  practices  are 
among  the  highest  found  anywhere  in  the  country.    Flood  runoff  and 
erosion  in  this  area  are  responsible  for  most  of  the  flood  and  sediment 
damages  in  the  Little  Sioux  watershed. 

The  Missouri  Basin  Loess  Hills  area  extends  in  a  broad  outline 
along  both  sides  of  the  Missouri  River  (see  Figure  2),  from  the  north- 
eastern comer  of  Kansas  to  southeastern  South  Dakota.     It  includes  parts 
of  six  states ,  Minnesota,  Iowa,  Missouri,  Kansas,  Nebraska,  and  South 
Dakota,  and  contains  some  25,800  square  miles. 

The  area  is  covered  with  a  blanket  of  loess  ranging  from  less  than 
1  foot  to  more  than  200  feet  in  thickness.     The  deepest  deposits  are 
adjacent  to  the  Missouri  River,  being  especially  deep  on  the  east  side 
of  the  river,  and  thinning  toward  the  periphery  of  the  area.     The  loess 
is  underlain  chiefly  by  Kansan  till,  and  in  some  small  areas  by  Iowan 
till  or  bedrock. 

The  topography  varies  from  rugged  bluffs  along  the  Missouri  River 
to  almost  level  land  in  the  northern  portion  of  the  area.    Although  there 
are  a  number  of  upland  soil  types,  distinguished  chiefly  on  the  basis  of 
the  thickness  of  the  loess  deposit,  degree  of  slope,  and  vegetation  under 
which  they  were  formed  (prairie  or  timber),  they  are  all  similar  with 
respect  to  erosion  hazard  under  cultivation. 

The  mean  annual  precipitation  varies  from  approximately  2k  inches  in 
the  northwest  to  36  inches  in  the  southeast  (Figure  1) .    Figure  3  shows 
the  mean  annual  runoff  as  determined  from  U.  S.  Geological  Survey  stream 
gaging  station  records.    Tne  figures  shown  to  two  decimal  places,  which 
form  the  basis  for  drawing  lines  of  equal  runoff,  represent  records  of  10 
years  or  longer  from  drainage  areas  ranging  in  size  from  200  to  2,800 
square  miles.    Annual  runoff  varies  from  about  1.5  inches  in  the  north- 
west to  6.0  inches  in  the  southeast. 

The  Missouri  Basin  Loess  Hills  area  produces  more  sediment  per 
square  mile  from  small  watersheds  than  any  other  area  of  equal  size  in 
the  country.     The  soils  are  extremely  susceptible  to  sheet  erosion,  par- 
ticularly when  in  clean-tilled  or  small  grain  crops  cultivated  up  and 
down  the  slope.    Because  the  deep  loess  is  inherently  fertile  in  subsoil 
as  well  as  surface  soil  horizons,  there  is  less  incentive  for  farmers  to 
control  soil  erosion  by  land  use  changes  or  conservation  practices  than 
in  other  parts  of  the  country. 
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In  addition  to  severe  sheet  erosion,  deep  gullies  have  developed  in 
this  area  in  the  last  ^0  years  because  of  intensive  use  of  the  land  and 
changes  in  downstream  channel  gradients.    Gullies  60  feet  deep  and  300 
feet  wide  are  not  uncommon.    Many  cut  headward  at  a  rate  of  100  feet 
annually  and  are  heavy  contributors  of  sediment.     Sediment  concentra- 
tions as  high  as  27.6  percent  by  weight  have  been  measured  in  flood 
flows  on  Waubonsie  Creek  near  Bartlett,  Iowa,  and  as  high  as  23.3  per- 
cent by  weight  on  the  Soldier  Elver  at  Pisgah,  Iowa. 

When  the  numerous  short  tributaries  to  the  Missouri  Eiver  emerge 
upon  the  "big  bottoms"  the  sudden  change  in  gradients  causes  a  large 
part  of  their  sediment  load  to  be  deposited.     This  results  in  severe 
damages  due  to  sedimentation  in  drainage  ditches  and  navigation  channels; 
deposition  on  roads  and  in  roadside  ditches;    'swamping"  of  bottomlands 
because  of  sedimentation  in  open  channels  and  drains,  burial  of  crops 
under  sediment,  and  more  frequent  flooding  because  of  channel  deteriora- 
tion and  the  bulking  effect  of  sediment  in  flood  waters.     In  addition 
there  are  intangible  damages,  such  as  the  effect  of  sediment- laden  water 
on  fishing  and  swimming. 

FIELD  STUDIES 
Beservoir— /  Sedimentation  Surveys 

The  rate  of  sediment  production  of  a  watershed  is  a  function  of  the 
gross  erosion  and  the  capacity  of  surface  runoff  to  transport  erosional 
debris  to  a  point  of  measurement  in  the  watershed.     Gross  erosion  depends 
primarily  on  the  inherent  erodibility  of  the  soil,  land  use  and  farming 
practices,  the  length  and  degree  of  slopes  and  the  intensity  -  duration  - 
frequency  characteristics  of  rainfall.     The  rate  of  sediment  production 
can  be  determined  with  a  reasonable  degree  of  accuracy  by  measuring  the 
accumulation  of  sediment  in  a  downstream  reservoir,  with  adjustment  for 
losses  in  flow  passing  the  dam,  for  the  period  during  which  the  reservoir 
has  been  in  operation. 

To  determine  rates  of  sediment  production  in  the  Missouri  Basin 
Loess  Hills  area,  detailed  sedimentation  surveys  were  made  of  small 
reservoirs  selected  to  represent  a  wide  range  of  conditions  which  are 
known  to  affect  the  rate  of  sediment  production  from  small  watersheds. 
The  results  of  these  surveys  were  correlated  with  measurable  data  on 
watershed  characteristics  in  order  to  develop  a  formula  suitable  for 
estimating  the  rate  of  sediment  production  from  other  small  watersheds 
in  the  problem  area.     Suspended  load  records  obtained  by  the  Corps  of 
Engineers  for  several  stations  on  the  Little  Sioux  and  Maple  Bivers  were 

1/    The  term  reservoir  is  used  for  convenience  throughout  the  remainder  of  this  report,    of  the 
30  surveys  described  below,  however,  only  one  was  on  a  reservoir,  whereas  two  were  debris 
basins  and  the  remainder  were  primarily  floodwater  retarding,  sediment  detention,  and  gully 
control  structures,  although  most  of  them  had  small  pool  capacities  below  the  drop  inlet 
sill,  which  were  often  utilized  for  farm  water  supply. 
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FIGURE  3. 
MEAN  ANNUAL  RUNOFF,  IN  INCHES 


available  but  not  used  in  this  study  because  the  watersheds  above  these 
stations  are  too  large  to  represent  watershed  conditions  pertinent  to 
this  study.    Furthermore,  some  of  these  stations  are  located  out  on  the 
Missouri  River  floodplain,  downstream  from  the  points  where  most  of  the 
sediment  load  is  dropped.     They,  therefore,  show  much  lower  rates  of 
sediment  production  than  may  be  expected  in  the  headwater  areas  where 
most  of  the  small  structures  are  being  installed  by  the  Soil  Conservation 
Service . 

Twenty-eight  small  reservoirs  and  two  desilting  basins  were  selected 
for  detailed  study.    Their  locations  are  shown  in  Figure  1.    The  size  of 
their  watersheds  varies  from  O.O38  square  mile  to  41.3  square  miles  (see 
Table  1) .     In  most  cases  the  size  of  watershed  was  taken  from  the  basic 
data  sheets  prepared  at  the  time  of  construction.     If  these  were  not 
available,  it  was  determined  by  planimetering  from  aerial  photographs  of 
measured  scale. 

An  effort  was  made  to  select  only  those  reservoirs  that  were  at 
least  5  years  old  at  the  time  of  the  survey,  in  order  that  the  annual 
runoff  and  sediment  accumulation  during  the  period  of  record  might  be 
more  nearly  representative  of  the  long-term  mean.     In  a  few  cases,  how- 
ever, it  was  necessary  to  use  records  of  less  than  5  years,  in  order  to 
obtain  broader  sampling  of  certain  watershed  conditions,  such  as  gully- 
ing.   Columns  1-9,  Table  1,  summarize  the  pertinent  basic  data  on  the  30 
reservoirs  selected  for  survey. 

Reservoirs  were  selected  with  a  wide  range  of  original  capacity  per 
unit  of  drainage  to  determine  the  trap  efficiency  of  the  reservoirs. 
The  capacity  watershed  ratio  (C/W  ratio)  of  the  30  reservoirs  studied 
varied  from  21.9  to  335  acre- feet  per  square  mile  of  drainage  area  for 
emergency  storage  levels  and  from  21.9  to  1^9  for  conservation  pool 
levels.     In  two  cases,  Records  5  and  17,  (Table  2),  it  is  known  that 
water  has  never  spilled  over  the  drop  inlet  of  the  conservation  pool 
level  and  the  trap  efficiency  of  these  reservoirs  would  be  100  percent. 
The  original  capacity- watershed  ratio  of  each  of  the  reservoirs  selected 
for  study  is  shown  in  column  13,  Table  2. 

Most  of  the  reservoirs  studied  were  built  under  the  technical  super- 
vision of  the  Soil  Conservation  Service,  using  labor  from  Civilian  Con- 
servation Corps  and  Conscientious  Objectors'  Camps,  with  assistance  from 
landowners,  highway  departments,  and  other  interested  parties.  Their 
purpose  was  to  flood  out  and  stablize  active  gully  heads,  serve  as  road 
crossings  over  gullies,  temporarily  store  flood  waters,  trap  sediment, 
and  provide  stock  water.    The  Farmer's  Ditch  and  Doniphan  County  Old 
Desilting  basins  were  built  solely  to  trap  sediment.    The  former  was 
built  under  the  supervision  of  the  Soil  Conservation  Service  and  the 
latter  by  the  Doniphan  County  Drainage  District.     Split  Rock  Lake  is  a 
recreational  reservoir  constructed  by  the  Minnesota  Conservation  Depart- 
ment . 
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Several  methods  of  survey  were  used  to  determine  volumes  of  sedi- 
ment in  the  desilting  basins  and  reservoirs.     Topographic  surveys  were 
made  of  the  two  desilting  "basins  (Records  2  and  27)  and  the  volume  of 
sediment  was  determined  by  comparison  with  previous  topographic  surveys 
of  the  basins.     Original  cross  sections  were  available  for  one  reservoir 
(Record  3)  and  the  volume  of  sediment  was  determined  by  comparison  of 
the  original  cross  sections  with  the  present  cross  sections.     The  volume 
of  sediment  was  determined  for  the  remaining  27  reservoirs  by  the  range 
method  of  survey.     Direct  water  depth  and  sediment  thickness  measure- 
ments were  made  at  regular  intervals  along  the  ranges  using  a  25- foot 
sediment  probe  in  shallow- water  areas  and  a  6-foot  spud  with  copper- core 
sounding  line  in  deeper  areas.     Thicknesses  of  exposed  deposits  above 
conservation  pool  levels  were  determined  with  a  soil  auger  equipped  with 
extensions . 

Basic  data  on  the  surveys  are  summarized  in  columns  10-13,  Table  1. 
A  minimum  of  3  ranges  was  used  on  all  range- type  surveys,  with  as  many 
as  32  ranges  (Record  3)  being  used  on  one  survey.     The  number  of  sedi- 
ment measurements  varied  from  25  to  hkk  per  reservoir. 

A  plane-table  map  was  prepared  for  each  survey,  in  most  cases  at  a 
scale  of  100  feet  equal  to  1  inch.     The  shorelines  at  conservation  pool 
elevation  and  at  emergency  spillway  elevation  at  the  time  of  survey  were 
mapped  in.     Later,  from  borings,  original  survey  data,  and  other  infor- 
mation, the  original  shorelines  at  the  two  elevations  were  added.  Water 
and  sediment  depths  were  measured  at  intervals  of  25  feet  or  less  along 
each  range.     When  sediment  measurements  were  made  from  a  boat,  the  boat 
was  kept  on  line  with  a  transit,  and  the  points  of  measurement  established 
by  plane  table  intersection  from  a  suitable  cut-in  station.     In  dry  areas 
a  transit  was  used  for  both  alignment  and  to  determine  stadia  distances 
for  each  observation.     An  example  of  the  type  of  map  prepared  in  this 
study  is  shown  in  Figure  k.     Typical  cross  sections  are  shown  in  Figure  5. 

Doniphan  County  Old  Desilting  Basin  (Record  27)  was  surveyed  in 
June  1937  (2)  and  Farmer's  Ditch  Old  Desilting  Basin  (Record  2)  was  sur- 
veyed in  February  19^5.    Reservoirs  covered  by  Records  28  through  30  were 
surveyed  from  July  to  December  19^-8.     All  of  the  remaining  reservoirs 
were  surveyed  during  the  period  January  through  June  19^9.     Dates  of  the 
beginning  of  storage  and  of  the  sedimentation  surveys  are  summarized  in 
Table  1. 


Sediment  Sampling 

From  3  to  6  sediment  samples  were  taken  from  each  reservoir  sur- 
veyed to  determine  the  approximate  specific  weight  of  sediment.  A 
split-barrel  sediment  sampler  was  used  for  this  purpose.     Samples  were 
taken  at  representative  locations  in  the  reservoir  to  facilitate  com- 
puting a  weighted  average  for  each  reservoir  as  a  whole.     The  results 
are  tabulated  in  Table  5. 
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FIGURE  7 

COMPOSITE  OF  MECHANICAL  ANALYSES  OF    39  SAMPLES 
FROM  UPLAND  LOESS   SOILS    AND   UNDERLYING  LOESS, 
LITTLE   SIOUX  WATERSHED. 


Twenty-five  sediment  samples  were  also  taken  from  eight  reservoirs 
for  mechanical  analysis.     These  reservoirs  are  represented  by  Records  1, 
Ik,  21,  26,  27,  28,  29,   and  30,  scattered  throughout  the  Loess  Hills  area, 
in  the  states  of  Iowa,  Missouri,  Nebraska,  and  Kansas  (see  Figure  l) . 
In  addition,  a  total  of  39  samples  were  taken  for  mechanical  analysis, 
at  varying  depths  from  the  surface  to  15  feet,  from  the  upland  soils  and 
underlying  loess  at  a  number  of  points  in  the  Little  Sioux  watershed 
(see  Figure  l) .     The  American  Geophysical  Union  grade  scale  (7)  was  used 
in  the  mechanical  analysis  of  both  the  upland  soils  and  the  sediments. 
This  scale  is  shown  in  Table  k.     Composites  of  the  grade-size  analysis 
curves  for  sediment  and  watershed  soils  are  shown  in  Figures  6  and  7- 


Channel  Gradients 

Field  measurements  were  made  of  channel  gradients  to  determine  the 
effects  of  structures  on  upstream  and  downstream  channels.     The  deep 
loess  deposits  are  extremely  susceptible  to  channel  erosion.     The  enor- 
mous gullies  which  have  developed  in  recent  years  in  this  area  are  ample 
evidence  of  the  instability  of  channel  systems.    As  an  aid  to  estimating 
the  effects  that  proposed  structures  will  have  on  channel  gradients,  the 
present  channel  profiles  above  and  below  8  selected  reservoirs  (Records 
1,  3}  6,  8,  13,  16,  18,  and  19)  were  surveyed  for  comparison  with  origi- 
nal profiles,  measured  at  the  time  the  reservoirs  were  built.  The 
changes  in  gradients  are  shown  in  Figures  8-10  and  the  results  summar- 
ized in  Table  6. 


Watershed  Surveys 

Most  of  the  floodwater  and  sediment  detention  structures  in  the 
Little  Sioux  basin  are  expected  to  be  constructed  on  watersheds  of  less 
than  3  square  miles.     On  small  watersheds  such  as  these,  gross  erosion 
and  sediment  output  vary  greatly  because  of  wide  ranges  in  prevailing 
land  use  and  watershed  characteristics.     Sediment  output  is  related  to 
the  gross  erosion  in  a  watershed  and  the  capacity  of  the  surface  runoff 
to  move  eroded  material. 

Detailed  studies  were  made  of  the  watershed  above  each  reservoir 
surveyed  to  develop  data  for  computing  the  rate  of  gross  erosion  and 
relating  it  to  watershed  factors  in  order  to  develop  a  basis  for  esti- 
mating rates  of  sediment  output  from  any  small  watershed  in  the  area. 
The  rate  of  gross  erosion  was  estimated  by  computing  separately  the 
amount  contributed  by  sheet  erosion  and  that  contributed  by  channel 
erosion  per  unit  of  drainage. 

Table  7  summarizes  the  erosion  data  collected  for  each  reservoir 
watershed.     Information  as  to  crops,  conservation  practices,  and  rota- 
tions used  during  the  periods  of  record  was  obtained  chiefly  from  the 
owners  or  operators  of  the  farms  involved  and  supplemented  by  field 
observation.    Degree  and  length  of  slope  were  obtained  from  conservation 


survey  maps  if  available  or  measured  in  the  field,  using  an  Abney  hand 
level,  automobile  speedometer,  and  pacing. 

The  volume  of  material  derived  from  channel  erosion,  including 
gullies  and  highway  cuts,  was  estimated  by  comparing  channel  conditions 
shown  on  11- year  old  aerial  photographs  with  conditions  found  at  the  time 
of  survey.     It  was  found  that  sources  of  sediment  other  than  sheet  and 
gully  erosion,  such  as  streambank  erosion  and  floodplain  scour,  were 
insignificant  in  the  small  watersheds  studied. 

The  computation  of  volume  of  material  derived  from  sheet  erosion 
was  made  by  use  of  Tables  8,  9,  10,  and  11.     In  developing  these  tables, 
much  reliance  was  placed  on  the  work  done  by  Browning,  Parish,  and  Glass 
(3) •     This  work  placed  on  a  practical  basis  the  studies  made  earlier  by 
Zingg  (12),  who  found  that  soil  losses  by  sheet  erosion  in  the  Upper 
Mississippi  Valley  region  vary  with  the  l.k  power  of  the  degree  of  slope, 
and  with  the  0.6  power  of  the  length  of  slope. 

Later  work  by  Parish  and  Paschall  (9)  developed  the  relationships 
of  the  various  factors  in  greater  detail.     In  their  studies,  Marshall 
silt  loam,  the  predominant  soil  type  of  the  Missouri  Basin  Loess  Hills, 
was  used  as  a  standard.     At  the  Clarinda,  Iowa,  Soil  and  Water  Con- 
servation Experiment  Station  of  the  Soil  Conservation  Service  and  Iowa 
Agricultural  Experiment  Station,  the  Marshall  silt  loam  under  a  3-year 
rotation  of  corn- oats -hay,  on  a  9  percent  slope  72.5  feet  long,  lost  an 
average  of  11.3  tons  per  acre  per  year  over  a  period  of  10  years  (k) . 
Starting  from  this  base,  and  using  also  subsequent  unpublished  data, 
tables  very  similar  to  Tables  8,  9,  10,  and  11  of  this  report  were 
developed.     These  tables  formed  the  basis  of  Tables  8,  9,   10,  and  11  as 
presented  in  this  report. 

The  work  of  Musgrave  (8)  was  also  of  material  value,  particularly 
in  evaluating  the  soil  loss  for  "all  other"  land  use  as  350  tons  per 
square  mile  per  year. 

To  illustrate  the  method  used  in  estimating  the  rate  of  gross 
erosion,  the  computations  for  the  watershed  above  the  Fred  Hollrah 
Eeservoir  (Record  6)  are  carried  through  step  by  step  in  the  following 
example : 

Example 

Field  studies  showed  (Table  7)  that  the  average  degree  of 
slope  on  clean-tilled  and  small  grain  crops  (column  6)   is  15  per- 
cent and  the  average  length  of  slope  (column  7)   is  500  feet. 
Using  Table  8  and  interpolating,  a  value  of  ^1,500  tons  per 
square  mile  per  year  was  found  for  the  unit  rate  of  erosion 
resulting  from  straight-row  cultivation.     This  was  multiplied 
by  the  proportion  of  the  watershed  in  clean- tilled  and  small 
grain  crops  farmed  up-and-down  hill  (0.35,  from  column  2, 
Table  7) .     It  was  also  multiplied  by  the  factor  (1.5,  from 
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Table  11)  for  the  predominant  rotation  used  during  the  period  of 
record  (COH,  from  column  8,  Table  ?) . 

For  clean-tilled  and  small  grain  crops  contoured,  but  not 
terraced,  a  similar  procedure  was  followed,  except  that  Table  9 
was  used  instead  of  Table  8.     Using  the  same  values  for  degree 
and  length  of  slope,  Table  9  gave  a  soil  loss  of  33,000  tons  per 
square  mile  per  year  with  contour  cultivation.     This  was  multi- 
plied by  the  proportion  of  the  drainage  area  in  clean-tilled  and 
small  grain  crops  contoured,  but  not  terraced  (0.11,  from  column 
3,  Table  7) .     It  was  also  multiplied  by  the  same  rotation  factor 
for  COH  used  above  (1.5). 

For  clean- tilled  and  small  grain  crops  contoured  and  terraced, 
Table  10  was  used.     In  this  case  length  of  slope  need  not  be  con- 
sidered, because  terracing  breaks  up  the  slope  into  short  lengths. 
Using  a  degree  of  slope  of  15  percent  and  extrapolating,  a  soil 
loss  of  5,800  tons  per  square  mile  per  year  was  estimated  for  con- 
tour cultivation  and  terracing.     This  was  multiplied  by  the  pro- 
portion of  the  watershed  in  clean-tilled  and  small  grain  crops 
contoured  and  terraced  (0.05,  from  column  4,  Table  7),  and  by  the 
rotation  factor  COH  previously  determined  for  the  watershed  (1.5) • 

For  all  other  land  use,  including  rotation  hay,  permanent 
pasture,  woods,  brush,  idle  land,  and  farmsteads,  an  estimated 
rate  of  erosion  of  350  tons  per  square  mile  per  year  was  used. 
This  was  multiplied  by  the  proportion  of  the  watershed  in  this 
land  use  (0.49,  from  column  5,  Table  7).  No  rotation  factor  was 
used  in  this  case. 

The  calculations  to  this  point  may  be  summarized  as  follows: 


Tons/ 
Sq.  Mi./ 
Year 


Clean-tilled 

and  Small 
Grain  Crops 


(Farmed  up-and- 
(     down  hill 


41,500  x  0.35  x  1.5 


21,900 


(Contoured  but 
(    not  terraced 
(Contoured  and 
(  terraced 


33,000  x  0.11  x  1.5 


5,800  x  0.05  x  1.5 


5,^00 


400 


All  other  land  use 


350  x  0.49 


200 


Computed  Sheet  Erosion  for  Record  6 


27,900 
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Gully  erosion  was  determined  by  field  observation  and  measure- 
ment.    Between  the  date  of  the  latest  aeria  1  photos  (August  1938) 
and  the  date  of  the  survey  (March  19^9) ,  a  gully  averaging  600  feet 
long  by  5  feet  wide  by  2  feet  deep  had  developed  in  the  watershed. 
The  volume  removed  during  the  10.9-year  period  amounted  to  6,000 
cubic  feet,  or  O.I38  acre- feet.     This  amounted  to  0.013  acre-feet 
annually.     Dividing  by  the  net  drainage  area,  0.213  square  miles, 
the  annual  rate  of  gully  erosion  per  square  mile  of  drainage  area 
was  found  to  be  0.06  acre-foot.     This  was  rounded  to  0.1  acre- 
foot  for  use  in  column  11,  Table  7- 

Based  upon  an  estimated  dry  weight  of  85  pounds  per  cubic 
foot  for  soils  in  place,  this  figure  was  converted  to  tons,  using 
the  conversion  factor  of  1,851  from  Table  12.     This  was  rounded  to 
200  tons  for  inclusion  in  column  12,  Table  7.     The  computed  sheet 
and  gully  erosion  for  Eecord  6  were  then  added  together,  to  give  a 
total  estimated  rate  of  gross  erosion  of  15.2  acre-feet,  or 
28,100  tons  per  square  mile  per  year  (Table  7*  columns  13  and  Ik) . 

DISCUSSION  OF  RESULTS 
Gross  Erosion 

Detailed  conservation  surveys  of  the  30  watersheds  studied  showed  a 
variation  in  the  estimated  rate  of  gross  erosion,  (column  Ik,  Table  7) 
ranging  from  a  minimum  of  k,800  tons  per  square  mile  (Record  l)  to  a 
maximum  of  127,000  tons  per  square  mile  per  year  (Record  8).     The  arith- 
metic mean  is  22,400  tons  per  square  mile  per  year.     Sheet  erosion  was 
by  far  the  largest  contributor  to  gross  erosion.     Channel  erosion  was 
negligible  in  9  of  the  watersheds  measured.     In  the  other  21  watersheds 
it  varied  from  less  than  1  percent  to  a  maximum  of  2k  percent.     It  is 
entirely  possible  that  in  some  small  watersheds  a  larger  proportion  of 
the  total  sediment  output  may  be  derived  from  channel  erosion.  Because 
no  reservoirs  had  been  constructed  in  extremely  gullied  watersheds,  such 
conditions  could  not  be  sampled. 

Sediment  Characteristics 

The  specific  weight  of  sediment,  in  pounds  per  cubic  foot  (column 
k,  Table  5)  ranged  from  k2.Q  for  Split  Rock  Reservoir  (Record  2k)  to 
Qk.k  for  Doniphan  County  Old  Desilting  Basin  (Record  27) .     The  average 
specific  weight  of  exposed  sediment  in  k  reservoirs  which  are  usually 
dry,   including  2  desilting  basins  (Records  2  and  27)  and  2  reservoirs 
which  had  been  completely  filled  with  sediment  for  several  years  prior  to 
the  time  of  the  surveys  {Records  8  and  26),  was  found  to  be  77.1  pounds 
per  cubic  foot.     The  average  specific  weight  of  sediment  in  the  remaining 
26  reservoirs,  which  usually  contain  water,  was  58.8  pounds  per  cubic 
foot.     Exposure  and  drying  of  deposits  has  resulted  in  an  average  increase 
of  about  30  percent  in  the  specific  weight  of  sediment. 
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A  large  number  of  samples  of  typical  upland  soils  such  as  Ida, 
Monona,  and  Marshall  were  taken  at  various  depths  up  to  15  feet  in  this 
area  by  Wilson,  Riecken,  and  Browning  (11) .     These  studies  showed  a 
considerable  range  in  the  specific  weight  for  different  soils  and  at 
different  depths.     The  average  for  all  upland  soils  in  the  Loess  Hills 
area  is  estimated  to  be  85  pounds  per  cubic  foot.     This  is  somewhat 
higher  than  the  average  specific  weight  found  for  the  reservoir  sediments 
because  of  the  greater  compaction  of  the  soils  in  place. 

Comparison  of  grade-size  curves  of  sediment  and  upland  soils  shows 
considerably  more  variation  in  the  curves  for  sediment  than  those  for  the 
upland  soils  (see  Figures  6  and  7) .     This  is  due  to  several  factors, 
including  selective  erosion  and  the  sorting  effect  of  water  during  the 
process  of  transportation  and  deposition  while  the  trap  efficiency  and 
methods  of  operation  of  the  reservoirs  also  have  a  marked  effect  on  the 
character  of  sediment  deposited  in  different  parts  of  the  reservoir 
basin . 

Table  3  summarizes  the  average  values  taken  from  Figures  6  and  7. 
It  is  noteworthy  that  the  percentage  of  sand,  coarse  silt,  and  medium 
silt  is  lower  for  the  reservoir  sediment  than  for  the  upland  soils.  Con- 
versely, the  percentage  of  fine  silt,  very  fine  silt,  and  clay  is  higher 
for  sediment  than  for  upland  soils.     This  is  due  to  the  fact  that  some  of 
the  sand  and  coarser  silt  is  deposited  enroute  as  colluvial  and  alluvial 
deposits  and  is  not  carried  to  the  reservoirs. 

Because  the  sediments  of  the  Loess  Hills  area  consist  uniformly  of 
silt,  clay,  and  small  amounts  of  fine  sand,  with  no  coarser  particles 
present,  practically  all  of  the  material  is  moved  in  suspension.  The 
absence  of  transportation  along  the  bed  is  evidenced  by  the  absence  of 
any  delta  formations  in  the  reservoirs  surveyed  (Figures  8-10) . 

Rate  of  Sediment  Accumulation  .in  Reservoirs 

Table  2  summarizes  the  results  of  the  reservoir  sedimentation  sur- 
veys.    The  original  surface  area  at  emergency  spillway  stage  of  the 
reservoirs  surveyed  (column  5)  ranged  from  less  than  1  to  225  acres.  The 
original  capacity  at  emergency  spillway  stage  (column  11)  ranged  from  3 
to  almost  2,000  acre-feet.    Data  on  total  sediment  accumulation  (columns 
15-18)  are  given  for  three  levels:     (l)  Conservation  pool,   (2)  between 
conservation  pool  and  emergency  spillway  stage,  and  (3)  above  emergency 
spillway  stage.     This  separation  indicates  the  distribution  of  the  sedi- 
ment within  and  upstream  from  the  reservoirs. 

The  annual  depletion  of  total  storage  capacity  was  found  to  range 
from  1.57  to  35.3  percent  in  the  conservation  pool  (column  22),  from  0  to 
2J+.5  percent  between  conservation  pool  and  emergency  spillway  stage 
(column  23),  and  from  1.23  to  33.9  percent  for  total  storage  capacity 
(column  2k)  .     The  annual  rates  of  sediment  accumulation  were  found  to 
range  from  0.47  to  6l.2  acre-feet  {kkO  to  110,900  tons)  per  square  mile 
of  drainage  area  (columns  20  and  21) . 
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From  the  data  reported  above,  an  equation  has  been  developed  for 
expressing  the  relationship  between  rate  of  sediment  accumulation  and 
watershed  and  reservoir  characteristics.    Multiple  regression  analysis 
was  used  for  this  purpose  because  of  its  convenience  for  simplifying  a 
mass  of  complex  data  such  as  was  obtained  in  this  study.     The  methods 
used  are  those  outlined  by  Snedecor  (10) .    Multiple  regression  has  been 
used  previously  in  similar  studies  by  Gottschalk  (6)  to  evaluate  reser- 
voir and  watershed  factors  influencing  silting  of  stock  ponds  in  South 
Dakota  and  by  Anderson  (l)  to  demonstrate  the  relationship  between 
watershed  characteristics  and  both  flood  peak  discharge  and  reservoir 
sedimentation  in  California. 

In  developing  a  suitable  equation  for  expressing  accumulation  of 
sediment  in  reservoirs  in  this  area,  the  following  independent  variables 
were  tested,  both  individually  and  in  association  with  each  other: 

1.  Net  watershed  area,  in  square  miles. 

2.  Age,  in  years. 

3.  Capacity- watershed  ratio  of  combined  flood  and  conservation 
storage,   in  acre-feet  per  square  mile  of  drainage  area. 

k.     Capacity- water shed  ratio  of  the  conservation  storage,  in  acre- 
feet  per  square  mile  of  drainage  area. 

5.  Capacity- watershed  ratio  of  flood  storage,  in  acre- feet  per 
square  mile  of  drainage  area. 

6.  Gross  erosion,  in  tons  per  square  mile  per  year. 

7.  Average  depth  of  reservoir,  in  feet. 

8.  Estimated  average  annual  runoff,  in  inches. 

It  was  found  that  sediment  accumulation  in  the  reservoirs  surveyed 
could  be  expressed  best  by  the  regression  equation: 

.7664  log  100W  +  .7867  log  T  +  1.05^5  log  E  +  .3701  log  CT/W  - 
2.9127 

100W  °-766ii    T  0-7867  E  1.0^5  (cT/w)°- 3701 

817.9 


where:     S  =  Total  sediment  accumulation  in  the  reservoir,  in  tons 

W  =  Net  watershed  area,  in  square  miles  (excluding  area  of 
reservoir) 

T  =  Age,  in  years 
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E  =  Rate  of  gross  erosion,  in  tons  per  square  mile  per  year. 

CrjyV  =  Capacity- watershed  ratio  of  combined  flood  and  conservation 
storage,  in  acre- feet  per  square  mile  of  drainage  area. 

The  mean  square  variance  of  the  above  formula  is  0.0153  log  units.  The 
multiple  correlation  coefficient  is  O.967.    All  variables  in  the  equation 
are  highly  significant  to  the  5  percent  level.    A  nomograph,  Figure  11, 
has  been  prepared  to  further  simplify  estimating  sediment  accumulation 
for  different  values  of  net  watershed  area,  age,  capacity- water shed 
ratio,  and  gross  erosion.     The  above  formula  is  restricted  in  its  use  to 
watersheds  of  about  ^0  square  miles  or  less  in  the  Missouri  Basin  Loess 
Hills  area  of  the  Central  Lowlands  physiographic  province. 

Of  the  eight  factors  tested,  four  -  net  watershed  area,  age, 
capacity-watershed  ratio  of  combined  conservation  and  flood  storage, 
and  rate  of  gross  erosion  -  gave  the  best  equation  for  estimating  sedi- 
ment accumulation.    Net  watershed  area  and  age,  of  course,  obviously 
combine  to  increase  total  sediment  accumulation,  all  other  factors 
being  equal.     It  was  found  that  both  can  be  expressed  by  simple  exponen- 
tial relationships  and  that  sediment  accumulation  per  unit  of  area 
decreases  with  increase  in  size  of  watersheds  and  age  of  reservoirs. 
The  quantity  of  sediment  deposited  in  reservoirs  having  watersheds  of 
less  than  0.1  square  mile  in  area  amounts  to  about  one- half  of  the 
estimated  gross  erosion.     In  watersheds  of  from  0.1  to  0.5  square  mile 
the  quantity  is  approximately  one-third  of  the  estimated  gross  erosion. 
And  in  watersheds  of  0.5  to  2.0  square  miles  the  amount  of  sediment 
deposited  in  the  reservoirs  is  only  about  one- fourth  of  the  estimated 
gross  erosion.     In  the  largest  drainage  area  studied,  hl.l  square  miles, 
deposition  amounted  to  only  one  twenty-fifth  of  the  gross  erosion. 

The  capacity- watershed  ratio  of  the  conservation  storage,  flood 
storage,  and  the  combined  conservation  and  flood  storage  were  tested 
separately  to  determine  which  is  more  closely  associated  with  sediment 
accumulation.     In  any  given  area,  the  detention  storage  time  of  a  reser- 
voir correlates  closely  with  the  capacity- watershed  ratio.     The  longer 
sediment- laden  water  is  retained  in  a  reservoir  the  greater  the  oppor- 
tunity for  the  sediment  to  settle  out.     The  larger  the  reservoir  per 
unit  of  drainage  area,  the  longer  the  detention  storage  time  and  the 
higher  the  trap  efficiency  of  the  reservoir. 

The  detention  time  for  flood  storage  varies  from  a  few  hours  to  not 
more  than  3  or  k  days.    Water  is  ordinarily  not  released  from  the  con- 
servation pool.     It  was  at  first  supposed  that  the  greater  detention 
time  of  the  conservation  storage  as  compared  with  the  flood  storage 
would  mean  that  the  trap  efficiencies  of  these  storages  would  be  differ- 
ent and  would  need  to  be  computed  separately  to  develop  a  good  relation- 
ship between  the  capacity- water shed  ratio  and  sediment  accumulation. 
The  analysis  indicates,  however,  that  under  conditions  found  in  this 
area,  the  trap  efficiency  of  both  storages  are  about  the  same  and  con- 
sequently the  two  were  combined  into  a  single  expression  in  the  formula. 
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Grain  size  analyses  of  -watershed  soils  show  that  they  are  composed 
primarily  of  silt  which  settles  out  rapidly.     It  may  be  concluded,  there- 
fore, that  a  short  detention  time  of  but  a  few  hours  to  several  days  is 
sufficient  to  cause  nearly  complete  settling  out  of  all  the  sediment 
carried  into  the  reservoirs. 

The  relationship  of  average  depth  of  reservoir  to  sediment  accumu- 
lation was  tested  because  it  was  believed  that  the  average  depth  of 
storage,  particularly  in  combination  with  total  runoff,  may  affect 
detention  storage  time  and  therefore  the  trap  efficiency  of  the  reser- 
voirs.    No  significant  relationship  was  found,  however,  between  these 
variables . 

No  runoff  data  were  available  for  any  of  the  watersheds  on  which 
sediment  measurements  were  made.     In  an  effort  to  obtain  information  on 
runoff,  a  study  was  made  of  available  runoff  data  from  larger  watersheds, 
as  reported  by  the  U.  S.  Geological  Survey  in  the  Missouri  Basin  Loess 
Hills  area,  from  which  Figure  3,  showing  lines  of  approximate  average 
annual  runoff  in  inches,  was  prepared.     From  this  map  the  approximate 
average  annual  runoff  of  each  of  xhe  small  watersheds  studied  was  inter- 
polated.    These  values  were  tested  to  determine  whether  any  relationship 
existed  between  runoff,  expressed  in  this  manner,  and  the  rate  of  sedi- 
ment accumulation.     No  significant  relationship  was  found  although  there 
is  considerable  variation  in  the  estimated  annual  runoff  within  the  area 
encompassed  by  these  studies.     It  is  believed,  however,  that  a  signifi- 
cant correlation  might  be  found  if  frequency  values  of  runoff  were  avail- 
able for  the  particular  watersheds  on  which  other  data  were  obtained.  In 
general,  the  average  annual  runoff  in  this  area  for  the  period  of  sedi- 
mentation record  was  about  50  percent  above  normal. 

A  comparison  of  the  estimated  rate  of  sediment  accumulation  as 
derived  from  the  above  formula  with  the  actual  rate  determined  from  sur- 
veys of  each  of  the  30  reservoirs  shows  that  the  estimated  rate  is 
within  +  8  percent  of  the  actual  rate  in  20  percent  of  the  reservoirs; 
within  +  18  percent  in  50  percent  of  the  reservoirs  and  within  +  30 
percent  in  77  percent  of  the  reservoirs.    Maximum  error  in  estimating 
sediment  accumulation  of  all  of  the  reservoirs  is  +  ^5  percent. 
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Distribution  of  Sediment  in  Conservation 
and  Emergency  Storages 

In  designing  reservoirs  with  two  or  more  levels  of  storage,  the 
question  often  arises  as  to  what  distribution  the  deposited  sediment 
will  take  in  the  reservoir.    Will  the  lower  level  be  completely  filled 
with  sediment  before  the  upper  level  begins  to  lose  storage  capacity? 
Will  the  upper  and  lower  levels  lose  capacity  at  about  the  same  rate? 
How  much  sediment  will  be  deposited  above  the  highest  reservoir  level? 

In  an  effort  to  answer  such  questions,  a  study  of  the  vertical  dis- 
tribution of  the  sediment  was  made  on  the  30  reservoirs  studied.  The 
sediment  volumes  were  separated  into  three  increments:     (l)  Below  the 
conservation  pool  level,   (2)  between  conservation  pool  and  emergency 
spillway  level,  and  (3)  above  emergency  spillway  level.     Twenty- five  of 
the  30  reservoirs  surveyed  had  two  levels  of  storage.     It  was  found  that 
in  nearly  all  cases  the  sediment  deposits  above  the  emergency  spillway 
level  were  so  small  as  to  be  insignificant.     This  is  due  to  the  fact 
that  temporary  pondage  above  emergency  spillway,   if  it  occurs  to  any 
extent  at  all,  is  not  of  sufficient  duration  to  cause  appreciable 
deposition  of  the  fine-grained  sediment  derived  from  watersheds  in  this 
area.     The  relationship  between  loss  of  storage  capacity  between  the 
conservation  pool  level  and  the  emergency  spillway  level  was  determined 
by  plotting  loss  of  storage  in  this  increment  against  the  total  loss  of 
storage  of  the  reservoir.     The  results  are  shown  in  Figure  12. 

The  spread  in  points  in  Figure  12  is  due  partly  to  the  different 
ratios  of  original  capacity  of  upper  level  storage  to  total  original 
capacity  from  one  reservoir  to  another.     In  the  extreme  cases,  1^  and  83 
percent  of  the  total  original  storage  was  occupied  by  upper  level  storage 

For  reservoirs  in  the  Loess  Hills  area,  however,  the  median  curve  of 
Figure  12  will  yield  useful  data  on  the  rate  at  which  upper  level  capac- 
ity will  be  lost.    For  example,  when  ^0  percent  of  the  total  storage  is 
lost,  about  11  percent  of  the  upper  level  storage  will  be  gone;  when  60 
percent  of  the  total  storage  is  lost,  about  22  percent  of  the  upper  level 
storage  will  be  gone;  and  when  80  percent  of  the  total  storage  is  lost, 
approximately  kO  percent  of  the  upper  level  storage  will  be  gone. 

Effect  of  Eeservoirs  on  Channel  Gradients 

The  results  of  thesa  s+udies  throw  considerable  light  on  the  subject 
of  changes  in  channel  gradient  caused  by  reservoir  construction.  The 
first  and  most  obvious  change,  of  course,  is  the  reduction  in  steepness 
of  gradient  upstream  from  the  dam  to  approximately  the  level  of  the 
emergency  spillway.    For  the  eight  cases  studied  (Table  6),  there  was  an 
average  reduction  of  50  percent  in  the  steepness  of  gradient  (in  percent) 
for  1,200  feet  upstream  from  the  dam,  over  an  average  period  of  7.^  years 
Above  the  level  of  the  emergency  spillway,  observation  indicated  that 
there  had  been  no  significant  sedimentation  in  the  channels  or  reduction 
in  steepness  of  gradients. 
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Downstream  from  the  dam,  both  scour  and  deposition  were  found  to 
have  taken  place.     Immediately  "below  the  dam  it  was  found  that  consider- 
able scour  had  occurred  to  depths  as  great  as  9  feet  below  the  original 
channel  profile.     Farther  downstream  usually  a  reach  of  deposition  was 
found  with  depths  of  sediment  up  to  k  feet  above  the  original  profile. 
The  point  of  greatest  deposition  was  found  from  27O  to  730  feet  below 
the  outlet  of  the  dam,  the  average  being  i+00  feet.     The  depth  of  deposi- 
tion was  found  to  decrease  gradually  downstream  from  this  point.     At  an 
average  distance  of  1,190  feet  below  the  dam  there  was  found  to  be  little 
change  in  the  original  gradient. 

The  implications  of  these  findings  are  clear.     In  most  cases  in  the 
past  it  has  been  the  practice  to  assume  a  constant  stable  gradient  down- 
stream from  a  proposed  reservoir.     A  study  of  Figures  8-10  shows  that 
the  gradients  downstream  from  a  reservoir  vary  at  different  points. 
Specifically,  the  average  of  the  eight  cases  studied  shows  (Table  6) 
that  for  a  distance  of  hOO  feet  downstream  from  the  dam  outlet  there  has 
been  a  reduction  in  gradient  of  35  percent  over  an  average  period  of 
7 ,k  years.     During  the  same  period,  from  kOO  to  1,190  feet  downstream 
from  the  dam  outlet,  an  average  gradient  increase  of  49  percent  occurred. 
Farther  downstream  there  was  no  significant  change  in  gradient.     It  is 
believed  that  these  findings  should  materially  assist  in  the  prediction 
of  the  stable  gradients  which  will  be  assumed  up  and  downstream  from 
proposed  reservoirs. 

RECOMMENDATIONS 

Little  information  was  available  on  expected  rates  of  sediment 
production  from  small  sub- watersheds  in  the  Little  Sioux  watershed 
when  the  flood  control  operations  work  of  the  Soil  Conservation  Service 
was  initiated  in  19^-7.     What  meager  data  were  available,  from  much 
larger  watersheds  in  this  area,   indicated  that  a  rate  of  sediment  pro- 
duction of  2  acre- feet  or  about  2,600  tons  per  square  mile  might  be  con- 
sidered reasonable.     Out  of  the  30  reservoirs  studied  only  two  had  rates 
of  less  than  2  acre-feet  per  square  mile.     Twenty- eight  of  the  reservoirs 
studied,  therefore,  would  have  been  underdesigned,  most  of  them  serious- 
ly, had  this  value  been  incorporated  in  the  design.     Four  of  the  reser- 
voirs are  almost  completely  filled  with  sediment  after  2.8,  6.9,  10.0, 
and  11.7  years,  respectively. 

The  regression  equation  and  nomograph  (Figure  11)  given  in  this 
report  can  be  used  to  assure  an  adequate  but  economical  allowance  for 
sedimentation  in  the  design  of  all  proposed  floodwater  detention  and 
sediment  storage  structures  to  be  built  in  the  Little  Sioux  basin.  Size 
of  net  drainage  area,  the  total  capacity  of  the  reservoir  and  the  Cj/W 
ratios  needed  to  determine  sediment  accumulation  can  be  readily  obtained. 
The  age  to  be  used  should  be  the  period  of  full  efficiency  desired  for 
floodwater  storage.     Field  studies  should  be  made  of  the  watershed  above 
the  site  of  each  proposed  structure  so  that  the  rate  of  gross  erosion 
can  be  computed  for  the  proposed  land  use  and  treatment  conditions  that 
are  reasonably  certain  to  be  achieved. 
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In  converting  the  values  derived  from  the  equation  or  nomograph 
from  tons  to  acre-feet,  the  factors  given  in  Table  12  may  be  used. 
Unless  more  specific  information  is  available,   it  is  suggested  that  a 
specific  weight  of  58.8  pounds  per  cubic  foot  be  used  for  ponded 
reservoirs,  and  a  specific  weight  of  77.1  pounds  per  cubic  foot  for  dry 
reservoirs . 

The  storage  space  required  for  the  computed  sediment  accumulation 
for  each  proposed  structure  should  be  increased  by  h^>  percent  as  a 
safety  factor  to  assure  little  chance  of  underdesign.     If  this  is  done, 
20  percent  of  the  reservoirs  may  have  sediment  storage  of  as  much  as  90 
percent  in  excess  of  eventual  requirements  but  practically  no  reservoirs 
will  be  underdesigned.     The  nomograph  incorporates  an  additional  safety 
factor  as  it  is  based  on  records  obtained  during  a  period  when  the 
average  annual  regional  runoff  was  generally  50  percent  above  normal. 
The  expected  rate  over  a  longer  period  of  time  with  normal  runoff  would 
be  somewhat  less  than  that  indicated  by  the  sedimentation  formula. 

The  profiles  of  streams  above  and  below  proposed  structures  should 
be  examined  carefully  to  determine  what  effects  changes  in  channel 
gradients  will  have  on  existing  developments  such  as  highways.    A  scour 
of  only  a  few  feet  may  cause  the  undermining  of  a  road  culvert  immedi- 
ately below  a  dam  or  deposition  farther  down  may  cause  the  plugging  of 
a  culvert  resulting  in  overflow  and  washing  out  of  the  structure  or 
highway. 

CONCLUSIONS 

Heretofore  it  has  been  strongly  suspected  that  the  sediment  output 
from  a  watershed  could  be  predicted  closely  if  suitable  methods  could 
be  developed  for  the  quantitative  determination  of  gross  erosion.  This 
study  is  the  first  attempt  to  measure  gross  erosion  in  a  watershed  and 
to  correlate  it  with  sediment  output.     The  close  agreement  between 
estimated  and  measured  rates  of  sediment  accumulation  in  small  reservoirs 
demonstrates  that  sediment  output  and  sediment  accumulation  can  be  pre- 
dicted closely  from  measurable  physical  conditions  of  reservoirs  and 
watersheds . 

The  application  of  the  results  of  this  study  is  twofold.  First, 
the  rates  of  silting  of  reservoirs  under  prevailing  land  use  and  manage- 
ment conditions  can  be  determined  and  incorporated  in  the  design  of 
structures.     Secondly,  the  effects  that  a  conservation  program  will  have 
on  reducing  rates  of  silting  can  be  predicted.     Studies  of  reservoir 
sedimentation  in  agricultural  areas  in  different  parts  of  the  country 
indicate  that  the  sediment  output  from  small  watersheds  can  be  reduced 
in  many  areas  from  50  to  90  percent  by  soil  and  water  conservation 
measures  applied  on  all  the  watershed  lands  and  waterways. 

The  authors  of  this  report  will  be  the  first  to  admit  that  the 
methods  used  to  compute  gross  erosion  and  sediment  output  from  water- 
sheds are  not  above  iarther  refinement.     It  is  believed  that  more 
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accurate  results  could  have  been  achieved  with  (l)  data  on  the  intensity 
and  duration  of  rainfall,   (2)  the  magnitude- frequency- duration  relations 
of  runoff,  and  (3)  reduction  in  survey  errors,  particularly  those  related 
to  measurement  of  the  average  specific  gravity  of  sediment  in  reservoirs. 
The  close  agreement,  however,  between  the  estimated  and  measured  rates 
of  sediment  accumulation  in  reservoirs  indicates  that  concepts  used  in 
developing  methodology  are  essentially  correct  and  are  recommended  as  a 
pattern  for  future  studies  of  this  kind.     The  cost  of  this  type  of 
investigation  will  be  repaid  many  times  in  the  amount  of  money  saved  by 
prevention  of  serious  underdesign  and  premature  loss  of  effectiveness  of 
proposed  structures. 
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4.6 
8.8 
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10.0 

6.3 
12.0 
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1/  Excluding  area  of  upper  reservoir. 

2/  Including  area  of  reservoir. 

3/  Excluding  area  of  reservoir. 

5/  For  measured  specific  weights  of  sediments,  see  Table  5. 

5/  Including  1.2  square  miles  of  Missouri  Eiver  bottomland. 

6/  Excluding  1.2  square  miles  of  Missouri  Elver  bottomland 

II  At  1949  crest  elevation. 
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899.0 
31.80 
33.681/ 
159.2 
3.00 

23.7 
2.062 


40.0 
275 

43.2 
2.28 
8.29 

12.76 
2.90 
0.21 
0.22 
1.26 
1.91 

28.35 
7.86 
8.05 
6.40 
3.31 
7.00 
4.61 
4.51 
7.45 
1.06 
5.87 
2.59 
692.1 
1.93  , 
0.032/ 

23.6 
2.04 

16.8 
0.16 


25.7 

24.4 

1,278 

1,209 

159.2 

159.2 

15.54 

14.53 

3.51 

3.51 

18.55 

18.38 

14.67 

13.46 

3.05 

0.96 

1.36 

0.97 

21.63 

19.70 

12.52 

10.65 

12.04 

11.69 

2.59 

2.52 

28.41 

25.03 

32.76 

30.93 

5.53 

5.25 

3.83 

3.81 

11.04 

10.51 

7.27 

6.68 

36.90 

34  .49 

36.23 

34.40 

7.05 

6.95 

7.01 

5.93 

36.77 

31.57 

14.07 

7.71 

;  71.7 

1,952 
234.8 
22.45 
13.69 
37.53 
27.30 
22.44 
3.26 
28.26 
16.44 

48.64 
15.28 
I  41.35 
43.80 
II.23 
12.07 
22.93 
I  19.87 
53.19 
43.84 
14.48 
16.47 
899.0 
68.57 
47.75 
159.2 
3.00 
23.7 
2.06 


64.4 
1,484 
202.4 
16.81 
11.80 
31.14 
16.36 

1.17 

1.19 
20.96 
12.56 
40.04 
10.38 
33.08 
37.33 

8.56 
10.81 
15.12 
11.19 
41.94 
35.46 
12.82 

8.52 
692.1 
33.50 

7.74 
23.6 

2.04 
16.8 

0.16 


( ac . - f t . ) 

(ac . -ft . ) 
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1RD  PX' 
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XO  (  .  U 

i  pA  p 

Poll  ii 

XOO .  d 
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OX.  I 
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155.9 

97.4 

54.9 

233.3 

183.9 

201.1 

162.7 

183.3 

162.3 

101.0 

52.3 

21.9 

16.8 

65.9 

32.2 

94.6 

15.3 

100.8 

14.9 

46.9 

31.9 

122.8 

87.O 

27.8 

2.2 

(continued) 


Record 
Number 


sr  Year 


Lengtfid 

of 
Becorfey 
(year 


23  24  25  26 

Depletion  of  Storage  Capacity 


27 


Total 


between 
jnserva- 
Lon  Pool 
Emer- 
y  Spill- 
Stage 

m 


Total 


Con- 
ser- 
va- 

tion 
Pool 


Between 
Conserva- 
tion Pool 
and  Emer- 
gency Spill- 
way Stage 

m — 


Total 


1 

2 

3 

4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 

15 
16 
17 
18 

19 

20 
21 
22 

23 
2k 

25 
26 

27 
28 
29 
30 


8 

3 

6 

8.4 


0.610 

1.42 
1.1+2 

M  0.20 

3-J  2.12 
10-:2.84 

;0.87 

*  3.10 


10 

4 


1 


0.31 


9. 

6.i0.39 

Ml.27 
7-0.65 
7-<0.07 
7.S0.6I 
9-co.90 

7.I0.87 
7.^0.67 


8.1 


0.17 


10.  c  

6-'6.55 
10. c 

6.;-  

12. c  

li.l  


17 

2/ 

3/ 

it/ 

5/ 

1/ 
7/ 


Excluding  s" 
Including  a 
Excluding  s 
For  measure 
Including  1 
Excluding  1 
At  I9I+9  ere 


1.23 

13.0 

5.06 

10.2 

6.32 

59.2 

5.40 

24.0 

2.00 

42.9 

0 

13.8 

5.48 

67.0 

6.50 

25  1 

1.57 

18.6 

0 

13  8 

3.70 

32.8 

0.92 

17.0 

10.3 

77.0 

8.25 

40.1 

33.9 

98.9 

68.5 

94.8 

6.29 

88.4 

28.7 

63.5 

2.51 

81.0 

8.92 

25.8 

4.92 

51.3 

14.9 

23.6 

1.88 

22.5 

2.91 

17.7 

k.6k 

38.1 

2.70 

32.1 

k.kk 

37.8 

11.9 

20.0 

3.36 

42.0 

5.59 

14.8 

3.05 

41.9 

5.06 

23.8 

1.33 

15.0 

0.52 

10.4 

4.32 

61.2 

4.80 

34.1 

4.86 

64.2 

8.12 

43.7 

2.83 

54.3 

6.53 

21.2 

2.55 

86.1 

5.05 

19.1 

1.37 

21.0 

1.42 

11.5 

4.43 

72.6 

15.4 

48.3 

2.11 

23.0 

23.O 

5.21 

93.9 

14.1 

51.1 

12.1 

99.9 

45.2 

83.8 

8.52 

8.52 

85.2 

5.13 

32.3 

32.3 

2.43 

29.I 

29.I 

7.88 

92.2 

92.2 

Table  2  (continued) 
Results  of  Reservoir  Sedimentation  Surveys 


15 


16 


17 


18 


19 


20 


21 


Sedimentation 


Total  Sediment 


Average  Annual  Accumulation 


22  23  24  25  26 

Depletion  of  Storage  Capacity 


27 


Per  Year 


Total 


Length 
Record  of 
Number  Record 

(years) 


Conser- 
vation 
Pool 
(ac.-ft.) 


Between 
Conserva- 
tion Pool 
and  Emer- 
gency Spill- 
way Stage 
(ac . 


Above 
Emer- 
gency 
Spill- 
way 
Stage 
(ac.-ft . 


(ac  -ft. 


Total 

]      (tons)  57 


From 
Entire 
Drainage 

Area 
(ac.-ft. ) 


Per  Square  Mile 
of  Drainage  Areai/ 
(ac.-ft. 


Con- 
ser- 
va- 

tion 
Pool 

I  tons)  4/  wr 


Between 
Conserva- 
tion Pool 
and  Emer- 
gency Spill- 
way Stage 

m — 


Total 


Con- 
ser- 
va- 

tion 
Pool 


Between 
Conserva- 
tion Pool 
and  Emer- 
gency Spill- 
way Stage 


Total 


-ft. 


1 

8 

.3 

6 

.00 

l 

.3 

0.1 

l.k 

2 

9 

.8 

399 

69 

0 

i+68 

3 

6 

,9 

32 

.it 

0 

0 

32.it 

4 

k 

.6 

It 

.63 

1 

.01 

0 

5.64 

5 

8 

.8 

1 

,89 

0 

0 

1.89 

6 

It 

.6 

6 

.22 

0 

17 

0 

6.39 

7 

3. 

.9 

9 

•  73 

1 

.21 

0 

10.94 

8 

2, 

.8 

19. 

.18 

2 

,09 

0  kQ 

21.76 

9 

10, 

,1 

l 

.68 

0, 

,39 

0 .01 

2.08 

10 

10 

,3 

5, 

,37 

1, 

,93 

0 

7  30 

11 

It. 

.8 

2, 

,01 

1, 

,87 

0 

3.88 

12 

9. 

,it 

8 

.25 

0, 

,35 

0 

8  60 

13 

6. 

.9 

It. 

.83 

0, 

.07 

0.04 

it.  9k 

14 

it. 

.5 

it, 

.89 

3. 

.38 

0.13 

8.40 

15 

It. 

,4 

it. 

,6k 

1, 

.83 

0 

6.47 

16 

7. 

.8 

2. 

.39 

0, 

,28 

0.30 

2.97 

17 

7. 

.8 

1. 

,2it 

0. 

.02 

0 

1.26 

18 

7. 

9 

7. 

.28 

0, 

.53 

0 

7.81 

19 

9, 

,0 

8. 

.09 

0, 

.59 

0 

8.68 

20 

7. 

,5 

8, 

,81t 

2, 

,4i 

0 

11.25 

21 

7. 

,5 

6. 

.55 

1, 

.83 

0 

8.38 

22 

8, 

,4 

1, 

.56 

0, 

.10 

0 

1.66 

23 

10, 

.9 

6. 

.87 

1. 

08 

0.27 

8.22 

24 

10, 

.9 

206, 

.9 

it. 

5 

0 

211.4 

25 

9. 

,8 

29. 

87  , 
.651/ 

5. 

20 

0.02 

35.09 

26 

6. 

9 

33. 

6. 

36 

0.10 

40.11 

27 

10. 

,0 

135. 

.6 

0 

135.6 

28 

6. 

■  3 

0. 

97 

0. 

10 

0 

1.07 

29 

12, 

,0 

6. 

■  89 

1. 

35 

0 

8.24 

30 

11. 

.7 

1. 

.90 

0. 

28 

0 

2.18 

17 Excluding  area  of  upper  reservoir. 

2/  Including  area  of  reservoir. 

3/  Excluding  area  of  reservoir. 

4/  For  measured  specific  weights  of  sediments, 

5/  Including  1.2  square  miles  of  Missouri  River 

6/  Excluding  1.2  square  miles  of  Missouri  River 

II  At  1949  crest  elevation. 
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0 
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see  Table  5. 
bottomland, 
bottomland. 
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51.1 
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8. 
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43 
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88 
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Table  3 

Mechanical  Analysis  of  Upland  Loess  Soils  and 
Sediments  Derived  Therefrom 


Class  Upland  Soi  11/  Reservoir  Sediment 

(percent)  (percent) 

Sand  Ik  11 

Coarse  silt  23  1^ 

Medium  silt  29  2k 

Fine  silt  13  19 

Very  fine  silt  8  9 

Clay  _13_  23 

TOTAL  100  100 


l/    From  Wilson,  Eiecken,  and  Browning  (11) . 


1 


1 


Table  4 


Grade 

Scale 

of  Size  Terms 

Class  Name 

Size 

Class  Name 

Size 

Very  large  boulders 

k096  - 

2048 

Very  coarse  sand 

2.0 

1.0 

Large  boulders 

2048  - 

1024 

Coarse  sand 

1.0C 

0.50 

Medium  boulders 

1024  - 

512 

Medium  sand 

0.50 

0.25 

Small  boulders 

512  - 

256 

Fine  sand 

0.250 

0.125 

Large  cobbles 

256  - 

128 

Very  fine  sand 

0.125 

0.062 

Small  cobbles 

128  - 

64 

Coarse  silt 

0.062 

0.031 

Very  coarse  gravel 

64  - 

32 

Medium  silt 

0.031 

0.016 

Coarse  gravel 

32  - 

16 

Fine  silt 

0.016 

0.008 

Medium  gravel 

16  - 

8 

Very  fine  silt 

0.008 

0.004 

Fine  gravel 

8  - 

4 

Very  fine  gravel 

4  - 

2 

Coarse  clay 

0.004 

0.002 

Medium  clay  0.0020  0.0010 

Fine  clay  0.0010  0.0005 

Very  fine  clay         0.0005  0.00024 


Recori 
Numbe: 


1 

2 

3 
4 

5 
6 

7 
8 

9 
10 
11 

12 

13 
lk 

15 
16 

17 
18 
19 

20 
21 

22 

23 
2k 

25 
26 

27 
28 
29 
30 


1/  Ex 

2/  Ex 
3/  E3 


Table  5 


Summary  of  Data  on  Eates  of  Sediment  Production 


Becord 
Number 


Period  of 
Becord 


Length 

of 
Becord 


4 

Average 
Specific 
Weight 
of 
Sediment 
(Lb./Cu.Ft.) 


7 


Number  of  Measured  Annual  Bate  of 
Sediment         Sediment  Accumulation 

Samples  per  Square  Mile  of 

Collected  Drainage  Area!/ 

(Ac. -Ft. )  (Tons) 


Estimated  Average 
Annual  Bunoff 
During  Period  Mean 
(Inches) 


{ Inches) 

4.2 
3.1 
3.9 
4.6 
4.5 
4.5 
4.5 
4.7 
4.8 
4.8 
4.7 
5.1 
5.0 
4.8 
4.8 
5.0 
4.9 
3.8 
4.7 
4.2 
4.2 
4.4 
4.6 
1.3 
4.3 

4.1 

5.7 
3.7 
3.4 
3.3 


10 

Batio  of 
Period 
Annual  Bunoff 

to  Mean 
Annual  Bunoff 


1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

26 

27 
28 
29 
30 


(Tr. 


1940- 
1941- 
1942- 
1944- 
1940- 
1944- 
1945- 
1941- 
1939- 
1938- 
1944- 
1939- 
1942- 
1944- 
1944- 
1941- 
1941- 
1941- 
1940- 
1941- 
1041- 
1940- 
1938- 
1938- 
1939- 
(1934- 
(1937- 
(1945- 
1920- 
1942- 
1936- 
1936- 


1949 

1945 

1949 

1949 

1949 

1949 

1949 

1944 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1949 

1936) 

1940) 

1946) 

1930 

1948 

1948 

1948 


ft  3 

4b .  9 

3 

1.54 

■?  ft 

DO .  j 

-7^3/ 

5 . 75^' 

ft  0 

4  (  .  O 

3 

2.09 

k  ft 

5^.9 

3 

7.81 

ft  ft 

OO.O 

3 

2.50 

k  ft 

5o.  3 

3 

6.52 

03.1 

3 

6.60 

0  ft 

83.2 

3 

61.2 

in  1 

71.4 

3 

4.68 

10. 3 

69.0 

3 

5.092/ 

k  ft 

69.1 

3 

8.26 

9.4 

52.7 

3 

3.85 

6.9 

56.7 

3 

4.71 

4.5 

54.8 

3 

5.66 

4.4 

56.3 

3 

5.02 

r-y  Q 
7.0 

53.2 

3 

2.09 

7.0 

54.8 

3 

4.50 

7.9 

63.2 

3 

10.20 

9.0 

56.2 

3 

4.73 

7.5 

72.6 

3 

6.58 

7.5 

65.2 

3 

5.12 

8.4 

63.9 

3 

2.51 

10.9 

49.9 

3 

4.63 

10.9 

42.8 

6 

O.472 

9.8 

62.5 

3 

3.45 

6.9 

72.5 

3 

11.6 

10.0 

84.4 

4 

8.58 

6.3 

57.4 

3 

2.66 

12.0 

56.9 

3 

3.56 

11.7 

59.7 

3 

2.51 

1,580 
8,560j/ 
2,170 
9,340 
3,750 
8,280 
9,070 
110,900 
7,280 
7,74Q§/ 

12,420 
4,410 
5,820 
6,750 
6,160 
2,420 
5,370 

14,030 
5,790 

10,410 
7,280 
3,490 
5,030 
440 
4,690 

18,180 

15,770 
3,330 
4,410 

3,260 


6.1 
4.3 
6.1 
7.8 
6.5 
7-7 
7.9 
6.1 
6.1 
6.1 
8.2 
6.9 
7.9 
8.4 
8.4 
7.8 
7.7 
6.0 
6.3 
6.6 
6.6 
6.3 
5.7 
2.0 
5.5 

3.3 

6.2 
5.2 
3.9 
3.8 


.45 
.39 
,56 
.70 
.44 
.71 
.76 
.30 
.27 
,27 
,74 
35 
•  58 
75 
75 


1.56 
1.57 


1 
1 
1 
1 
1 
1 
1 
1 

O.f 


.58 
.34 

.57 
.57 
,43 
.24 
54 
28 


1.09 
1.41 
1.15 
1.15 


1/  Excluding  area  of  reservoir. 

2/  Excluding  drainage  area  of  upper  reservoir. 

3/  Excluding  1.2  square  miles  of  Missouri  Eiver  bottomland. 


Downstream 

Eecord 
Number 

I 

Length 
of 

e  Channel 

Original 
Gradient 

Present 
Gradient 

Net 
Change 

(feet) 

(*) 

ii) 

1 

C  1 

1  900 

0.70 

1.13 

+62 

3 

Jon* 

1,300 

0.52 

0.62 

+19 

6 

Free 

3^0 

1.00 

1.65 

+65 

8 

Thou 

1  500 

0.60 

1.36 

+127 

13 

Emm? 

700 

1.^5 

1.29 

-11 

16 

Alf] 

1  300 

0.33 

0.60 

+82 

18 

Free 

(  1,500 

1.19 

1.60 

+3^ 

19 

Will 

770 

0.99 

1.09 

+10 

Average 

790 

+k9 

Table  6 


Changes  in  Channel  Gradients  Due  to  Construction  of  Reservoirs 

| 


Upstream  Prom  Dam  Immediately  Below  Dam  Downstream 


Eecord 
Number 

Name 

of 

Eeservoir 

Length 

of 
Eecord 

Length 

of 
Channel 

Original 
Gradient 

Present 
Gradient 

Net 
Change 

Length 

of 
Channel 

Original 
Gradient 

Present 
Gradient 

Net 
Change 

Length 

of 
Channel 

Original 
Gradient 

Present 
Gradient 

Net 
Change 

(years) 

(feet) 

(*) 

(#) 

(Feet) 

(*) 

w 

(feet) 

w 

(*) 

1 

C.  A.  Stiles 

8.3 

1,390 

1.24 

0.91 

-27 

730 

0.74 

-18 

900 

0.70 

1.13 

+62 

3 

Jones  Creek 

6.9 

2,860 

0.80 

0.41 

-47 

340 

0 

-2.00 

- 

1,300 

0.52 

0.62 

+19 

6 

Fred  Hollrah 

4.6 

1,050 

3.29 

1.69 

-47 

310 

2.00 

0.90 

-55 

340 

1.00 

1.65 

+65 

8 

Thomas  Hodkin 

7.8 

1,060 

2.94 

l.o4 

-65 

380 

1.58 

1.21 

-23 

500 

0.60 

1.36 

+127 

13 

Emma  La  Front z 

6.9 

780 

4.37 

2.53 

-42 

270 

2.82 

2.37 

-16 

700 

1.45 

1.29 

-11 

xo 

ii-Lireo.  .Lage 

■7  R 

Y.o 

you 

1.19 

0.71 

)ir\ 

300 

2.13 

1.53 

300 

0.33 

0 . 60 

18 

Fred  Brown 

7.9 

810 

3.08 

B|||p 

-60 

400 

4.65 

3.35 

-28 

1,500 

1.19 

1.60 

+34 

19 

William  Esbeck 

9.0 

640 

5.03 

1.41 

-72 

490 

1.10 

0.29 

-74 

770 

0.99 

1.09 

+10 

Average 

7.4 

1,200 

-50 

400 

-35 

790 

+49 

2  10  11  12  13  Ik 

Proportion 

Use  and  Innual  Rate  of  Gross  Erosion  per  Square  Mile 


Clean- tilled 
and  Small  Grair 
Crops  Farmed 

Up-and  Down-Hijon  Gully  Erosion   Total  Erosion 

tons)       (ac.-ft. )     (tons)l/      (ac.-ft.)  (tons) 


1 

0 . 14 

3oo 

n 

2.6 

k} 

800 

2 

0  7? 

POO 

O  Q 

Aoo 

27  4 

50. 

800 

0 .04 

POO 

4.4 

200 

4 

o 

^oo 

KJ 

7  3 

13. 

500 

o 

500 

3  4 

6, 

300 

6 

0  ^ 

300 

O  1 
w .  J. 

POO 

15  2 

28; 

100 

7 

0.10 

+00 

1  4 

?  600 

15.7 

29  i 

000 

8 

0.60 

LOO 

16.7 

30,900 

68.6 

121, 

000 

9 

0.06 

200 

0.2 

400 

6.2 

11 

600 

10 

0.28 

5002-/ 

CI2/ 

2002/ 

9.62/ 

17; 

8002./ 

n 

0.34 

?00 

0.2 

400 

15.3 

28, 

300 

12 

0.06 

D00 

0.1 

200 

5.0 

9. 

200 

13 

0.25 

+00 

0 

0 

8.9 

16 

400 

14 

0.31 

500 

0 

0 

12.7 

23, 

600 

15 

0.25 

LOO 

0.2 

400 

8.9 

16, 

500 

16 

0 

?00 

tr. 

tr. 

6.4 

11 

900 

17 

0.14 

D00 

0 

0 

3.8 

7! 

000 

18 

0.23 

300 

0.3 

600 

11.8 

21 

900 

19 

0.45 

?00 

0.1 

200 

8.7 

16' 

100 

20 

0.08 

300 

0 

0 

8.3 

15, 

300 

21 

0.35 

pOO 

0.1 

200 

7.9 

14 

700 

22 

0 

LOO 

0.4 

700 

6.4 

11 

800 

23 

0.62 

+00 

0.2 

400 

8.5 

15; 

800 

24 

0.68 

LOO 

0 

0 

6.0 

llj 

100 

25 

0.35 

300 

0.2 

400 

10.9 

20 

200 

26 

0.55 

300 

2.5 

4,600 

23.2 

42' 

900 

27 

0.40 

900 

0.1 

200 

31.* 

58; 

100 

28 

0 

700 

0.1 

200 

3.7 

6 

900 

29 

0.51 

+00 

0.1 

200 

8.4 

15, 

600 

30 

0.53 

D00 

0.1 

200 

6.6 

12  j 

200 

1/  Based  on  an  estimate< 
2/  Excluding  drainage  a] 


Record 
Numc-er 


Table  7 

Summary  of  Watershed  Erosion  Data 


Record 
Number 


2  3^ 
Proportion  of  Total  Drainage  Area  in  Different  Land 
Use  and  Farming  Practices  During  Period  of  Eecord 


9  10  11  12  13  ik 

Estimated  Annual  Rate  of  Gross  Erosion  per  Square  Mile 


Clean-tilled 
and  Small  Grain 


Clean-tilled 
and  Small  Grain 
Crops  Contoured 


Clean-tilled 
and  Small  Grain 
Crops  Contoured 


All 

Other 

Land 


Average 
Degree  of 
Slope  on 
Clean-tilled 
and  Small 


Average 
Length  of 
Slope  on 
Clean- tilled 
and  Small 


Predominant 
Rotation  Used 
During  Period 


•and  Dovn-Hill 

but  not 

lei  X  aLcu 

and  Terraced 

Use 

Grain 

Crops       Grain  Crops 

Sheet 

"E!t*API  "f  ATI 

ill -L  UO  J.UU 

Gully  Erosion 

Total  Erosion 

(percent)  (feet) 

( ac . - f t . ) 

1/  ftnnq^ 

(ac. 

-ft.) 

(tons ) 1/ 

(ac . -ft . ) 
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0, 
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o 
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o 

10 
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C0H 
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O .  y 
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0 

A 

\J 

8.9 

16  400 

0. 

.31 

0. 

.17 

0 

0, 

.52 

11 
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CC0HH 

12  7 

23,600 

0 

0 

12.7 

23^600 

0, 

.25 

0, 

.30 

0. 

.04 

0, 

.41 

10 
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C0H 

8.7 

16,100 

0 

.2 

400 

8.9 

16,500 

0 

0, 

.52 

0 

0, 

.48 

9 
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CC0HH 

6.4 

11, 900 

tr. 

tr. 

6.4 

11,900 

0. 

.14 

0. 

.11 

0. 

,21 

0, 

.54 

8 

500 

CC0HHH 

3.8 

7,000 

0 

0 

3.8 

7,000 

0. 

.23 

0 

0 

0, 

.77 

15 

500 

CO/scl 

11.5 

21, 300 

0. 

.3 

600 

11.8 

21,900 

0, 

.45 

0. 

.13 

0 

0, 

.42 

11 

300 

C0H 

8.6 

15,900 

0 

,1 

200 

8.7 

16,100 

0, 

,08 

0, 

.35 

0. 

.05 

0, 

.52 

10 

700 

C0H 

8.3 

15,300 

0 

0 

.  8.3 

15,300 

0 

.35 

0, 

,10 

0 

0, 

.55 

9 

600 

C0H 

7.8 

14,500 

0 

.1 

200 

7-9 

14,700 

0 

0, 

.60 

0 

0, 

.40 

10 

400 

C0H 

6.0 

11,100 

0, 

.4 

700 

6.4 

11,800 

0. 

.62 

0, 

.08 

0. 

.04 

0, 

,26 

8 

300 

CC0HH 

8.3 

15,400 

0, 

.2 

400 

8.5 

15,800 

0, 

.68 

0 

0 

0 

,32 

2 

2,000 

CCO/scl 

6.0 

11, 100 

0 

0 

6.0 

11,100 

0, 

.35 

0 

0. 

.07 

0, 

.58 

8 

800 

CC0H 

10.7 

19,800 

0, 

.2 

400 

10.9 

20,200 

0 

.55 

0 

0 

0, 

.45 

10 

700 

CC0H 

20.7 

38,300 

2, 

.5 

4,600 

23.2 

42,900 

0 

.40 

0 

0 

0, 

.60 

18 

600 

CC0H 

31.3 

57,900 

0, 

.1 

200 

31.4 

58,100 

0 

0 

0. 

.54 

0 

0. 

.46 

5 

500 

CCOHW/scl 

3.6 

6,700 

0, 

.1 

200 

3.7 

6,900 

.51 

0 

0. 

.29 

0, 

,20 

5 

800 

CCOHW/scl 

8.3 

15,400 

0. 

.1 

200 

8.4 

15,600 

0, 

.53 

0, 

.05 

0 

0. 

.42 

4 

800 

CCOHW/scl 

6.5 

12,000 

0, 

.1 

200 

6.6 

12,200 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

27 

28 

29 
30 


1/  Based  on  an  estimated  dry  weight  of  85  pounds  per  cubic- foot  for  soil  in  place. 
2/  Excluding  drainage  area  of  upper  reservoir. 


Average 
Length 

of  Slope 
In  Feet 


100 


200 

1 

300 

1 

1+00 

2, 

500 

2, 

600 

2, 

700 

3, 

800 

3, 

900 

3, 

1,000 

3, 

1,200 

1,1+00 

1,600 

5, 

1,800 

5, 

2,000 

5, 

Table  8 


Soil  Losses  with  Straight  Row  Cultivation 
(Tons  per  square  mile  per  year) 


Average 


Average  Degree  of  Slope  in  Percent 


In  Feet 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

25 

30 

100 

960 

2,490 

4,410 

6,590 

8,960 

11,600 

14,500 

17,400 

20,600 

23,700 

31,400 

41,600 

200 

1,410 

3,780 

6,660 

9,970 

13,400 

17,300 

21,800 

26,300 

30,700 

35,900 

47,900 

63,400 

300 

1,860 

4,790 

8,520 

12,800 

17,300 

22,500 

28,200 

33,300 

39,700 

46,000 

61,500 

80,700 

400 

2,180 

5,770 

10,100 

15,400 

20,600 

26,800 

33,300 

39,700 

47,400 

54,400 

72,300 

96,000 

500 

2,490 

6,530 

11,500 

17,300 

23,700 

30,700 

37,800 

45,500 

53,800 

62,000 

83,100 

109,000 

600 

2,820 

7,300 

12,900 

19,300 

26,500 

3^,300 

42,200 

50,700 

60,100 

69,200 

92,900 

122,000 

700 

3,070 

8,000 

14,100 

21,300 

28,900 

37,600 

46,200 

55,600 

65,900 

76,100 

102,000 

133,000 

800 

3,330 

8,710 

15,300 

23,000 

31,500 

40,800 

50,200 

60,500 

71,600 

82,600 

111,000 

145,000 

900 

3,520 

9,270 

16,400 

24,600 

33,600 

43,600 

53,500 

64,600 

76,100 

88,300 

118,000 

155,000 

1,000 

3,780 

9,910 

17,400 

26,300 

35,900 

46,700 

57,300 

69,200 

81,900 

94,100 

127,000 

165,000 

1,200 

4,220 

11,000 

18, 300 

29,100 

40,800 

51,900 

63,800 

76,800 

91,000 

105,000 

141,000 

184,000 

1,1+00 

^,550 

11,800 

20,900 

31,400 

42,900 

55,800 

68,500 

82,600 

97,200 

113,000 

151,000 

197,000 

1,600 

5,050 

13,200 

23,300 

35,200 

47,900 

62,400 

76,500 

92,300 

109,000 

126,000 

169,000 

221,000 

1,800 

5,370 

14,100 

24,700 

37,300 

50,900 

66,200 

81,400 

98,100 

116,000 

134,000 

180,000 

234,000 

2,000 

5,750 

15,100 

26,500 

40,100 

54,500 

71,100 

87,100 

105,000 

125,000 

143,000 

193,000 

251,000 

Average 
Length 
of  Slope 
in  Feet 


100 

200 

300 

1 

400 

1 

500 

1 

600 

1 

700 

2 

800 

2 

900 

3. 

1,000 

3. 

1,200 

3. 

1,400 

4 

1,600 

4 

1,800 

5; 

2,000 

5 

Table  9 


Soil  Losses  With  Contour  Cultivation 
(Tons  per  square  mile  per  year) 


Average 
Length 

of  Slope  Average  Degree  of  Slope  in  Percent 


in  Feet 

2 

4 

6 
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12 

14 

16 

18 

20 
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3  pAn 
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16,000 
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79,800 
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55,200 
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21,800 

28,200 

37,500 

49,000 

61,900 

71,600 

98,600 
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800 
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6,530 

11,500 

17,200 

25,300 

32,600 

42,700 

54,400 

68,000 

78,400 
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53,000 

65,700 
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1,800 
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115,000 
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Table  11  -  Rotation  Factors 

Factor  Rotation 


Factor 


C  -  continuous 

C  C  0  /  scl 

C  C  0  H  W  /  scl 

C  C  0  H 

C  0  /  scl 

C  0  H  C  0  /  scl 

c  c  on 

C  C  0  H  H  H 

C  0  I  H  C  0  /  scl 

C  0  H  W  /  scl 

C  C  0  W  H  H 

C  OH 

C  0  H  H  W  /  scl 

C  0  W  H 

C  W  H 

C  OOHH 

con 

C  0  W  H  H 
C  W  H  H 
C  OHO 
C  OHHHH 
C  W  H  H  H 
CWHHHH 


4.5  C  0  W  H  H  H  0.8 

2.8  00HHH  0.6 
2.4  WOHH  0.5 

2.4  W  0  H  H  H  0.5 
2.2  0  H  H  0.5 

1.9  OHHH  0.4 
1.8  OHHHH  0.1+ 
1.8  W  H  0.3 
1.7  W  H  H  0.3 

1.5  W  H  H  H  0.2 
1.5  W  H  H  H  H  0.2 


1.5 
1.3 
1.2 
1.2 
1.2 
1.2 
1.0 
1.0 
1.0 
1.0 

0.9 
0.9 


Legend:  C  -  Clean- tilled  crops;  0 
W  -  Winter  small  grain;  H 
/scl  -  Sweet  clover  catch 


-  Spring  small  grain; 

-  Grass  or  grass  legume  hay; 
crop . 


Table  12  -  Specific  Weight  Factors 


Specific  Weight 
(pounds  per  cubic  foot) 

35 
40 

^5 
50 
55 


58.8  (average  for  26 

ponded  reservoirs) 

60 
65 
70 
75 

77.1  (average  for  4 
dry  reservoirs 
and  desilting 
basins ) 

80 

85 

90 

95 
100 


Tons  to 
Acre-feet 

0.00131 

0.00115 

0.00102 

0.00092 

0.00083 

O.OOO78 
0.00077 
0.00071 
0.00066 
0.00061 


0.00060 
0.00057 
0.00054 
0.00051 
0.00048 
0.00046 


Acre- feet 
to  Tons 

762 

871 

980 ' 

1,089 

1,198 

1,281 
1,307 
1,416 
1,525 
1,634 


1,679 
1,7^2 

1,851 
1,960 

2,069 
2,178 


if 


